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Although calcium ions have been shown to regulate 
the differentiation of keratinocytes in vitro, the role of 
divalent cations in vivo is not known. Prior attempts to 
localize divalent cations in epithelial tissues have been 
impeded by a lack of specificity of ultrastructural tech-
niques, as well as translocation of precipitates within 
tissues. The availability of an improved cytochemical 
method (oxalate-pyroantimonate techinque) has facili-
tated more precise, reliable localization of calcium. 
When this technique (± 10 mM EGTA) was applied to 
neonatal mouse epidermis, Ca++ -containing precipitates 
localized primarily within the cytosol, mitochondria, 
and nuclear chromatin of some basal and spinous cells, 
suggesting a possible relationship of ca++ with the cell 
cycle. In the lower granular layer, progressively more 
ca++ precipitates appeared intercellularly' w ith the only 
intracellular ca++ localized within mitochondria and 
lamellar bodies (limiting membranes and discs). The 
most apical granular cells always demonstrated dense 
extracellular deposits, and high intracellular ca++, free 
in the cytosol. The extruded contents of lamellar bodies, 
at the granular-cornified layer interface, also demon-
strated significant amounts of Ca++ -containing precipi-
tates between the lamellar discs. Although some corneo-
cytes in the lower stratum corneum demonstrated intra-
cellular precipitates, most were deviod of Ca++. The 
striking intercellular ca++ accumulation in the mid 
granular layer, coupled with ca++ influx in the upper 
granular layer, supports the view that changes in intra-
cellular Ca++ may regulate epidermal differentiation. 
Finally, the association of Ca++ with lamellar body disc 
membranes and contents suggests that divalent cations 
may contribute to both lamellar body secretion and to 
the formation of intercorneocyte membrane bilayers. 
There is a wealth of information on t he regulation of cu ltured 
keratinocyte growth and differentiation by calcium ions [1-7]. 
Mouse keratinocytes, grown in low-calcium medium (0.05- 0.1 
mM), proliferate but do not stratify or cornify unless t he cal-
cium concentration of the medium is increased above 1.0 mM. 
At these higher calcium concentrations, proliferation ceases, 
and dramatic changes occur in cell differentiation [ 1-7]. It has 
been suggested t hat t his sequence of ca++ -induced changes in 
epidermal cell differentiation in vitro mimics t he orderly dif-
ferent iation process of ep idermal cells in vivo [5]. If the differ-
ent iation of keratinocytes in vivo is a lso regulated by calcium, 
then t he epidermis should co ntain a calcium reservoir(s) to 
provide a pool of divalent cations for the modu lation of epider-
mal differentiation. Hence, we have searched for calcium res-
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ervoirs in the epidermis of neonatal and adult ha irless mice, 
using a recently described, ion-capture method for calcium 
localization, t he oxalate-pyroantimonate-osmium techn ique 
[8,9]. The rationale of this cytochemical tec hnique is to first 
precipitate the loosely bound (exchangeable pool) of calcium 
with oxalate, followed by subsequent conversion to insoluble, 
electron-dense, calcium oxalate- pyroantimonate complexes, at 
s ites of calcium localization [8,9] . Our studies suggest that there 
are both in tra- a nd extracellular pools of calcium, at sites where 
t his cation cou ld influence both proliferation and terminal 
differentiation [10]. 
MATERIALS AND METHODS 
Small pieces of full -thickness skin, obtained from the backs of 
neonatal (I CR) and adult hairless (Hr/Hr) mice (Jackson Labs, Bar 
Harbour, Maine) , were cut into small pieces (< 0.1 mm3) and immedi-
ate ly immersed in cold lixative containing 2% glutaraldehyde, 2% 
formaldehyde, 90 mM potassium oxalate, and 1.4 % sucrose, pH 7.4. 
The use of thin tissue fragments resulted in uniform deposition of 
precipitates throughout the sample. Tissues were tixed overnight in 
ice-cold fixat ive, postlixed in 1% osmium tetroxide (Os04), containing 
2% potassium-pyroantimonate, for 2 h at 4•c, rinsed in cold distilled 
water, brought to pH 10 with potassium hyd roxide, dehydrated in a 
graded series of ethanols, and routinely embedded in an Epon-epoxy 
resin mixture [11] . To assess the specificity of the reaction, unstained 
thin sections were treated with 10 mM EGTA, as described by Ravazzola 
[12]. Thin sections, either nonstained or doublestained with lead citrate 
and uranyl acetate, were examined with a Zeiss lOA electron microscope 
equipped with a liquid-nitrogen cable decontamination device, at 60 
kV. 
TABLE I. Distribution. of oxalote-pyroan.timon.ate precipitates in. mouse 
epidermis 
Layer 
Basal 
Spinous 
Granular: 
Lower 
Mid 
Upper 
Stratum granulosum/ 
stratum corneum in-
te rphase 
Cornified 
508 
ca- localization 
Intracellular 
(Low extracellu-
lar) 
Very low extracel-
lular 
(Very low intra-
cellular) 
High extracellular 
High extracellular 
(Some with high 
in tracellular) 
High in t racellular 
and extracellu-
lar 
Labeled slruct.ures 
Mitochondria 
Nuclei 
Cytosol 
Mitochondria 
Nuclei 
Mitochondria 
Lamellar bodies 
Mitochondria 
Lamellar bodies 
Mitochondria 
Lamellar bodies 
Free in cytosol 
High extracellular Extruded lamellar 
body bilayers 
Low intracellular None 
and extracellu-
lar 
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The oxalate-pyroantimonate technique also was employed to localize 
ca++ at the light microscope level. Tissue blocks, fixed overnight as 
described above, were immersed in 2% potassium pyroantimonate 
without postosmication, and then frozen-sectioned (4 11ml in a Univer-
sal cryostat at -2o· c . Sections were then t reated with aqueous chlo-
rotetracycline (CTC, 100 J.LM), a flu orescent Ca++ probe [13,14], and 
examined under a Leitz Ortholux II !1uorescence microscope, equipped 
for epifluorescence, with a BG 12 excitation filter (410 nm) and a 530-
nm cut-off filter. Control sections were treated first with EGTA (10 
roM) before exposure to CTC. 
Extracellular calcium binding sites were visualized with the trivalent 
la n t h a num ion, as previously described [15]. Tissues were fixed for 1'/2 
h at room temperature in a fixative conta ining 1.5% glutaraldehyde, 
1.5% paraformaldehyde, 2.5% polyvinylpyrrolidone, and 2 mM CaCl, 
in 0.1 M sodium cacodylate buffer, pH 7.2, containing 10 mM lanthanum 
chloride. After fixation, t issues were rinsed with 0.1 M cacodylate buffer, 
pH 7 .2, postfixed in buffered 1% OsO,, dehydrated, embedded, and 
examined stained or unstained in the Zeiss electron microscope, as 
above. 
RESULTS 
The distribution of oxalate-pyroantimonate precipitates m 
mouse epidermis is shown in T ab le 1. 
As seen in a su rvey electron micrograph of full-thickness 
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FIG 1. Low-magnification electron 
micrograph demonstrating ca++ locali-
zation in adu lt hairless mouse epidermis. 
Whereas intercellular precipitates are 
present but sparse in the basal layer, 
they are virtually absent from intercel -
lular domains in the spinous layer, and 
they reappear in large quantities 
throughout intercellular regions of the 
granula r layer (arrows). Basal and gran-
ular cells show precipitates in mitochon-
dria (m+) and some nuclei (N+). Spi-
nous cells lack nuclear labeling (N- ), 
and even mitochondria (m-) are on ly 
rarely labeled. Inset (1a) depicts a CTC-
stained frozen section. Note absence of 
fluorescence of stratum corneum, and 
diffuse flourescence over viable epider-
mis. 
epidermis from adult mouse skin (similar results were seen 
throughout for both adult and neonatal mouse skin ), more Ca++ 
is vis ible within the intercellular spaces of the granular layer 
t han in comparable locales within the basal and spinous layers 
(Fig 1). In t he basal cell cytoplasm, Ca++ is found primarily in 
mitochondria where it is dispersed evenly within this organelle. 
With t he striking exception of scattered basal cell nuclei (about 
1 out of 3 nucle i) , no other organelles in the basal layer 
demonstrate Ca++ precipitates. Whereas nuclear euchromatin 
is labeled evenly, heterochromat in and nucleoli are a lways 
devoid of precipitates (Fig 2). At t he level of the spinous cell 
layer, in tercellular deposits become more prominent, but again 
t hese are far less conspicuous t han in t he granular layer inter-
stices (Fig 1), and within t he cytosol of spinous layer kerati-
nocytes, ca++ continued to be limi ted to mitochondria. 
In the lower granular cell layer, Ca++ deposits, unassoc iated 
with any organelles, begin to appear free within t he cytosol 
(Figs 3, 4). In addition, mitochondria and some nuclei (again 
excl uding nucleoli) continue to label (Figs 3, 4), and Ca++ 
appears for the first time in lamellar bodies, both beneath the 
limiting membrane, and betweeH the disc contents of th ese 
organelles (Fig 5). More apical granular cells display highly 
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reduced or negligible levels of intracellular Ca++, while the 
in tercell ular spaces are heavily labeled with ca++ -containing 
precip itates (Figs 1, 3, 4). 
This pattern changes suddenly in t he outermost 1 or 2 cell 
layers of the granu lar layer, which display a high density of 
intracellula r ca++ deposits, lying free in t he cyotosol, presum-
ably indicative of cation influx at this level of the outer viable 
epidermis (F igs 3-5). As in lower granular cells, Ca++ precipi-
tates in t he outer granular layer also appeared within mito-
chondria, scattered nuclei (Fig 1) , and both within the limit ing 
membrane and between the discs of lamellar bodies (Fig 5a-d). 
Mo rever, prom inent deposits also are noted within the extruded 
contents of lame llar bodies that fill t he intercellular domains 
at the gra nular- corneocyte layer interface (Fig 5). Although t he 
stratum corneum usually lacks visible precipitates, some pre-
cipitates can be seen occas ionally within t he lowermost cells of 
the corneocyte cytoso l (Fig 5) . In contrast, most corneocytes in 
the outer stratum co rneum remain unlabeled, and intercellular 
FIG 2. Higher-magnification electron micrograph of labeled nucleus 
from lower gra nular layer. Note diffuse labeling within euchromatin 
with sparing of hete rochromatin and nucleolus (Nu) . In addit ion, 
prec ipitate ex tends into nuclear pores. 
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domains above the lower 2 cell layers are generally devoid of 
precipitates (not shown) . 
Fluorescence microscopy of CTC-stained frozen sections 
demonstrates maximal flu orescence intensity within the upper 
granular layer, whereas the stratum corneum as a whole lacks 
the characteristic pattern of CTC fluorescence (Fig Ia). Since 
CTC preferent ially binds Ca++ located in hydrophobic domains 
[13], t his observation is consistent wit h the paucity of Ca++ 
found within t he stratum corneum by ultrastructural tech -
niques. 
Further corroboration of the observations with pyroantimon-
ate-oxalat.e was obtained with t rivalent lanthanum (LaCla) 
staining, which displays electron-dense accumulations predom-
inately within intercellular domains of t he stratum granulosum, 
with very little lant hanum deposition in similar locations with 
the basal and spinous layers (Fig 6). LaCh, with its high charge 
density and greater affinity for anionic sites, displaces ca++ 
from anionic binding sites-the rationale behind its use for 
visualization of Ca++ -binding sites [15,16]. However, since lan -
thanum normally does not gain access to the cell interior, this 
tec hnique could not be used to determine whether there are 
calcium binding sites in cytosolic sites of Ca++ deposition, i.e., 
mitochondria, nuclei, and lamellar bodies. 
DISCUSSION 
The rationale of ion capture cytochemistry with the oxalate-
pyroantimonate technique is the ini t ial precipitation of ca++ 
in ice-cold, oxalate-containing aldehyde fixatives t hereby cur-
tailing t ranslocation of precipitates. The presence of a high 
concentration of potassium in t he fixative effectively dilutes 
pools of sodium ions, a major source of artifactual staining with 
t he conve nt ional pyroantimonate technique [8,9]. Calcium 
ions, precipitated with oxalate, are converted into electron-
dense antimonate deposits by subsequent treatment with po-
tassium pyroantimonate. Removal of Ca++ from t hese precipi-
tates by EGTA chelation renders t he antimonate deposits 
soluble once again , thus validating the specificity of this cyto-
chemical reaction [12]. Further indication ofthe validity of t his 
method was provided by the similar distribution of ca++ ob-
served with both CT C and LaCI3. The latter agent is used to 
visualize ca++ -binding sites since its high charge densi ty dis-
places Ca++ from anion ic binding sites, as well as the greater 
affmity of this trivalent cation for anionic sites due to its steric 
configuration [15]. However, LaCJ3 is usefu l only for the dem-
onstration of extracellular binding sites, since it does not read-
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Figs 3 a nd 4. E lectron micrographs of 
adjacent, stained and unstained areas of 
stratum granulosum of neonatal mouse 
epidermis. Arrows indicate heavy inter-
cellular depos ition of precipitates in this 
layer, presumably indicative of a ca++ 
reservoir in this locale. Note presence of 
heavy cytosol labeling in some cells ( +) 
in mid and upper granular layer (U-SG), 
while adjacent cells in lower a nd mid 
strat um granulosum (L-SG) can be un-
labeled (- ) . 
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FIG 6 . Low-magnification electron micrograph of neonatal mouse 
epiderm is treated with lanthanum chloride (trivalent, La+++). This 
techniq ue, utilized to demonstrate calcium binding sites (see text), 
demonstrates heavy deposition in in te rcellular domains at the level of 
the lower and mid stratum granulosum (arrows) . However, in tracellular 
structures are not stained, presumably due to inabili ty of La+++ to 
penetrate the cell membrane. 
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FIG 5. Electron micrographs of stra-
tum granulosum and stratum corneum 
of adu lt hairless mouse epidermis. Intra-
cellular lamellar bodies (5a-5d) demon -
strate label both under limiti ng mem-
branes and between the discs within or-
ganelle contents. After secretion of la-
mellar body contents, labeling is seen 
interspersed with extruded discs (ar-
rows) , but label disappears from inter-
cellular domains at levels where discs 
reorganize in to broad sheets. Moreover, 
the corneocyte cytosol also is largely de-
void of precipitates above the lowermost 
1 or 2 cell layers of the stratum corneum 
(upper cells not shown). (5e) demon-
strates a control section, treated with 10 
mM EGTA after pyroantimonate-oxa-
late treatment. Note absence of all la-
beling. 
ily traverse cell membranes. S ince it is electron dense itself, 
substitution of La+++ fo r calcium at Ca++ -binding sites offers 
an excellent too l for visualization of high-affinity, Ca++ binding 
sites [15,16]. 
Implications of Calcium Localization in Basal Layer 
Although still speculative, t he present obserevations suggest 
that ca++ ions, previously shown to regulate in vitro keratino-
cyte differentiation , may be involved in certain critical events 
in t he cell cycle, e.g. , postmitotic migration from the basal cell 
layer. The low calcium content of t he intercellular spaces in 
t he basal a nd lower sp inous layers indicates t hat t hese cells are 
bathed in a milieu with relatively low calcium concentrations, 
an environment t hat would favor accelerated cellular prolifer-
ation in vivo, as occurs when keratinocytes are grown in vitro 
in calcium-depleted medium [1 -7]. Si nce this cation has been 
shown to act in the late stages of S phase, just prior to DNA 
synt hesis [17], the demonstration of Ca++ precipitates within 
some, but not a ll , nuclei may relate to specific stages in t he cell 
cycle, and/or to cellula r events related to migration out of the 
basal layer. 
The presence of intracellular calcium within mitochondria of 
basal cells is co nsistent with t he finding of sk in ca lcium-binding 
protein (SCBP) in t he basal cell layer [4]. S ince precipitates in 
t his layer occur predominately within mi tochondria , it is pos-
sible that t his organelle represents t he site of SCBP localization 
in the basal layer. 
Implications of Calcium Localization in Stratum Granulosum 
and Stratum Corneum 
The para llel increase in Ca+-t_containing precipitates and 
binding sites within t he intercellula r domains of t he granular 
layer, as shown with both oxalate-pyroantimonate and trivalent 
lant hanum, indicates that Ca++ is pooled in these domains. The 
final stages of terminal differentiation, i.e., t he abrupt trans-
formation of the outermost granula r cells into corneocytes, 
appear to be associated with displacement of Ca++ from inter-
cellular sites to sites in t he cytosol, as shown here. Although 
we suspect t hat ca++ influx may tr igger te rminal differentia t ion 
of granula r cells via several possible, ca lci um -dependent phe-
nomena, suc h as aggregation of filaggrin and keratin filaments 
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[18], a lte red expression of membra ne macromolecules [5], and/ 
o r inc reased t ra nsglutaminase-medi ated cross- linking of stra -
tum corn eum envelope precursor proteins [2], it is a lso po s ible 
t hat t he obse rved deposit ion pattern is a pa raphenomenon 
re lated to a nonspec ific increase in permeabili ty of t hese cells . 
Alt hough t he t rigger fo r such massive Ca++ int1ux into t he 
uppermost gra nula r cell s is unknown , activation of phospho-
lipase A2 with t he selective breakdown of memb rane phospho-
lipid components, may be involved in such permeabilit y 
cha nges [1 9]. 
If one assumes t hat t he paucity of Ca++ wit hin t he cells of 
t he stratum corneum is not artifactua l, t his indicates t hat most 
of t he excha ngeable pool of ca++, which prev ious ly entered 
granula r cells during termina l di ffe rent iation , may be recycled 
before gra nula r cells a re t rans formed into corneocytes. Such a 
mechani sm would preven t loss of ca++ t hrough desquamation , 
t hereby p reservin g not only t he total cuta neous cation pool, 
but a lso prevent in g dep letion of tot a l body calcium from t he 
la rge surface a rea of t he skin. 
Role of Calcium in Lamellar Body Secretion and Dispersion 
S ince Ca++ is present wit hin lamella r bodies, it may mediate 
fus ion of t hese secretory o rganelles wi t h t he plasma membrane, 
lead ing to extrus ion of t he ir conte nts in to intercellula r do-
ma ins. ca++ could a lter both t he fluidi ty of phospholipids in 
ce ll membra nes, a mechani sm t hat m ight bring about mem -
b ra ne fus ion [20], a nd/or depolymerization of microtubula r 
p roteins [21]. Ca++_induced activation of phospholipase A a lso 
could be a n important step in exocytos is [19,21], since one 
product of phospholipid catabolism, lysolecit hin , possesses fu -
sogenic propert ies [22]. T hus, in t he presence of low concent ra -
tions of in tracellula r Ca++, i.e ., in t he lower stratum granu-
losum , la mella r bodies would r ema in dispersed in t he cyto-
plasm, await in g Ca++ inf1ux as t he s ignal fo r their secret ion . 
ca++ p rec ipi tates a lso a re found dispersed between the disc-
li ke contents of secreted lamella r body contents, both wit hin 
lamella r bodies a nd after t he ir secretion into t he interstices of 
t he granul a r-cornified layer interphase (Fig 5). These findin gs 
suggest t hai Ca++ could be important for t he ini t ia l formation 
of me mbrane bilayers in t h e lower stratum corneum. An anal-
ogous role for Ca++ in t he stacking a nd adherence of chloroplast 
grana and la mell ae is well recognized [23 ]. H owever, calcium 
disappears above t he lower stratum corneum, despi te t he pres-
ence of broad b il ayers in t hese locales [24]. Absence of calcium 
prec ipi tates in th~se sites may re fl ect t he la rge quantit ies of 
free fatty acids in stratum corneum lipids [25], which have 
been show n to repel calcium due to protonation of t he carboxy l 
moit ies in an acid environmen t [26], o r absen ce may be due to 
a rt ifaciua l loss of bound cation durin g t issue processing. 
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